The use of adjuvant chemotherapy has improved survival in earlystage colon cancer. Ongoing adjuvant clinical trials are evaluating the addition of targeted therapies to standard chemotherapy regimen. Preliminary results with bevacizumab were disappointing. Also, cetuximab added to chemotherapy does not seem to be better than chemotherapy alone, even in selected wild-type KRAS populations. A better understanding of mechanisms of action of drugs, tumor biology, and predictive biomarkers are needed to design future adjuvant trials.
Introduction
Colon cancer is the third most common cancer in both men and women, and it is the second leading cause of cancer death in Western countries [1] . Consequently, colon cancer remains a major public health priority. The main prognostic factor for survival or relapse is tumor staging [2] . Surgery is the cornerstone treatment in the case of localized disease (stages I to III). The use of adjuvant therapy is based on the risk of locoregional or distant relapse. This risk is evaluated with 3-year disease-free survival (DFS), which has been recommended by the US Food and Drug Administration Oncology Drugs Advisory Committee as a new regulatory endpoint for full approval in adjuvant colon cancer based on the validation of its surrogacy for 5-year overall survival (OS) [3] . The 3-year DFS in stage III cancer without any postoperative chemotherapy is about 44% -52% [4, 5] .
Chemotherapy in Colon Cancer
Three cytotoxic drugs are available in the treatment of patients with metastatic colorectal cancer (mCRC), which are fluoropyrimidines, oxaliplatin, and irinotecan. These drugs can be administered either in combination (5-fluorouracil [5-FU]/oxaliplatin or 5-FU/irinotecan) or as monotherapy (fluoropyrimidine alone).
5-Fluorouracil was the first drug to show a survival advantage over surgery alone in adjuvant colon cancer. The 3-year DFS was about 61% -67% in adjuvant trials using 5-FU [5] [6] [7] [8] [9] [10] . This drug was patented in 1957, but only in the early 1990s was it shown that adjuvant chemotherapy with 5-FU and levamisole improved DFS and OS in stage III colon cancer. The Intergroup trial INT-0035 was the first largescale study to demonstrate a 40% relative reduction in the risk of recurrence and a 33% relative reduction in the overall death rate in patients with stage III colon cancer treated with adjuvant chemotherapy [11] . The International Multicentre Pooled Analysis of Colorectal Cancer Trials compared adjuvant treatment with high-dose 5-FU and leucovorin (LV) with no treatment in nearly 1500 patients, demonstrating a 22% relative risk reduction in mortality in patients with colon cancer [5] . The Mayo Clinic regimen (monthly low-dose LV and bolus 5-FU) significantly improved time to relapse and survival versus observation alone [12] . The Intergroup study INT-0089 demonstrated equivalent efficacy of the modified Roswell Park regimen (weekly high-dose LV and bolus 5-FU) and the Mayo Clinic regimen [13] . Infusional therapy was also tested versus standard intravenous regimens. Biweekly LV and 5-FU bolus plus infusion (LV5FU2), compared with FUFOL (monthly high-dose LV and bolus 5-FU), was investigated in 905 patients with stage II and III colon cancer. Despite the lack of a statistical improvement in DFS [hazard ratio (HR), 1.04; P = .74], LV5FU2 became an accepted standard because of the improved safety profile (P < .001) [14] . The X-ACT (Xeloda in Adjuvant Colon Cancer Therapy) trial randomized 1987 patients with stage III colon cancer to either intravenous monthly LV and bolus 5-FU or oral capecitabine over 6 months. Disease-free survival in the capecitabine arm was at least equivalent to the control arm (HR, 0.87; P < .001) [9] . In the second half of the 1990s, data from several phase III trials in the advanced setting demonstrated that adding irinotecan or oxaliplatin to 5-FU/ LV doubled the response rates to around 50% and increased progression-free survival (PFS) and OS in some studies [15] [16] [17] . Although modest, these improvements might be of interest to patients with advanced cancer. Thus, both agents have been tested as adjuvant chemotherapy in combination with fluoropyrimidines.
Fluoropyrimidine-and-oxaliplatin combination trials led to a significant advantage in terms of survival in 3 phase III trials [8, 18, 19] . The first was the MOSAIC (Multicenter International Study of Oxaliplatin/5-Fluorouracil/Leucovorin in the Adjuvant Treatment of Colon Cancer) trial, which recruited 2246 patients with stage II and III colon cancer, looking at the addition of oxaliplatin to standard postoperative adjuvant chemotherapy with 5-FU and LV. Adding oxaliplatin resulted in a 23% increase in DFS (HR, 0.77; P = .002). The results were later updated: 5-year DFS rates were 73.3% and 67.4% in the FOLFOX 4 (infusional 5-FU/LV/ oxaliplatin) and LV5FU2 groups, respectively (HR, 0.80; P = .003) [20] . The 6-year OS rates were 78.5% and 76.0% in the FOLFOX 4 and LV5FU2 groups, respectively (HR, 0.84; P = .046). Corresponding 6-year OS rates for patients with stage III disease were 72.9% and 68.7%, respectively (HR, 0.80; P = .023). The conclusion of MOSAIC is that adding oxaliplatin to LV5FU2 significantly improved 5-year DFS and 6-year OS in the adjuvant treatment of patients with stage III and high-risk stage II colon cancer and should be considered after surgery. Another oxaliplatin-based regimen, the FLOX regimen, was investigated in the National Surgical Adjuvant Breast and Bowel Project (NSABP) trial C-07, which evaluated the addition of oxaliplatin to weekly bolus 5-FU combined with LV in 2492 patients with stage II and III colon cancer [18] . The extent of benefit in terms of 3-year DFS afforded by oxaliplatin was equivalent to that reported in the MOSAIC study (HR, 0.80; P < .004). With longer follow-up, the DFS advantage in favor of the addition of oxaliplatin remained, and a favorable trend appears to be emerging for OS.
Lastly, the superiority of XELOX (capecitabine/oxaliplatin) as adjuvant treatment over bolus 5-FU/LV has been shown for DFS in 1886 patients with stage III colon cancer in the NO16968 trial, with a 3-year DFS of 71% versus 67% (HR, 0.80; P = .0045) [19] . Unlike in the advanced condition, where the efficacy of oxaliplatin and irinotecan can be considered roughly equivalent [21] , 3 studies on the adjuvant use of irinotecan in combination with 5-FU/LV have failed to show superiority over the 5-FU/LV control arm. The Cancer and Leukemia Group B C89803 study compared the IFL (infusional 5-FU/LV/irinotecan) regimen with bolus 5-FU/LV in 1264 patients with stage III colon cancer. Neither DFS (P = .85) nor OS (P = .74) was improved with IFL [22] . The AC-CORD-2 study of 400 patients with stage III colon cancer and the PETACC-3/V307 study of 2094 patients with stage III colon cancer used infusional 5-FU regimens as a control arm and the combination of infusional 5-FU and irinotecan as an investigational arm. Neither of these studies met the primary endpoint of superiority of the irinotecan-based chemotherapy over 5-FU alone, with a 3-year DFS of 51% versus 60% (HR, 1.19; P < .22) in the ACCORD2 study [23] and 63% versus 61% (HR, 0.90; P = .106) in the PETACC-3/V307 study [24] .
Targeted Therapies in Colon Cancer
Bevacizumab Bevacizumab (Avastin) is a humanized monoclonal antibody (MoAb) targeting vascular endothelial growth factor. Adding bevacizumab to standard chemotherapy (5-FU/irinotecan, 5-FU/oxaliplatin, 5-FU alone) improves outcomes in patients with mCRC [25] [26] [27] . Specific bevacizumab-related side ef- fects have been observed: bleeding, hypertension, gastrointestinal (GI) perforation, and arterial thromboembolic events. The addition of bevacizumab has significantly improved the PFS of chemotherapy alone. The magnitude of benefit was higher with irinotecan than with oxaliplatin, and this might be due either to a better synergy or to a more prolonged administration of bevacizumab in the irinotecan trial. Of note, the benefit of bevacizumab appears more pronounced in first-line than in second-line and is not observed in third-line therapy [28, 29] . Angiogenesis plays a role in early-stage colorectal tumor progression [30] , justifying the use of angiogenesis inhibitors in the adjuvant setting by preventing angiogenic switch in micrometastases and suppressing vascularization and tumor growth. Vascular endothelial growth factor is the main factor controlling tumor-associated angiogenesis. The NSABP C-08 and the AVANT BO17920 phase III trials have evaluated bevacizumab in combination with an oxaliplatin-based chemotherapy in patients with stage II-III colon cancer. The main differences between these 2 trials are presented in Table 1 .
The NSABP C-08 trial compared the biweekly modified FOLFOX6 regimen (mFOLFOX6; LV 400 mg/m 2 day 1, oxaliplatin 85 mg/m 2 day 1, 5-FU bolus 400 mg/m 2 day 1, 5-FU infusion 2400 mg/m 2 /46 hours) for 6 months with the same regimen with bevacizumab (5 mg/kg every 2 weeks) then bevacizumab alone as maintenance therapy (5 mg/kg every 2 weeks) for an additional 6 months. Contrary to observations in advanced disease, arterial ischemic events, GI perforation, and hemorrhage were not associated with higher frequency in the bevacizumab arm than in the control arm. Toxicities significantly increased with bevacizumab were hypertension, pain, proteinuria, and wound complications [31] . After a follow-up of 36 months, the addition of bevacizumab to mFOLFOX6 did not result in a statistically significant prolongation in DFS, with a 3-year DFS of 77.4% versus 75.5% respectively (HR, 0.87; P = .08), despite a transient benefit in DFS during the first year when bevacizumab was used [32] . No clear rebound effect was observed after 2 years of discontinuation of treatment, with no statistical difference in terms of recurrence, death, or second cancers, which contrasts preclinical data suggesting the possibility that inhibition of angiogenesis could accelerate metastatic behaviour [33] [34] [35] . Thus, there are 2 possibilities to explain the C-08 findings (namely, less recurrence during the first year of treatment): either an inhibition of the supposed early angiogenic switch, which was too short to be definitive (if possible), or the prolongation of the PFS in patients who had undetectable micrometastases. If this last hypothesis is true, there is no need to further explore bevacizumab in the adjuvant setting. Because there are not so many new options for adjuvant trials in colon cancer therapy and, furthermore, if the cetuximab adjuvant trials are negative, there will be no advance for the patients for years. If the cetuximab trials are positive, there will be no advance for the patients with mutated KRAS. Thus, there is a need to further study bevacizumab in the adjuvant setting.
This should be tested in the NSABP C-12 trial.
The AVANT study B017920 (ClinicalTrials.gov identifier: NCT00112918) compared FOLFOX4 (6 months) versus FOLFOX4 (6 months) with bevacizumab (12 months) or XELOX (6 months) with bevacizumab (12 months) in 3451 patients with stage II or III colon cancer. Primary objectives of this trial were: (1) superiority of bevacizumab plus FOLF-OX4 versus FOLFOX4 alone in terms of DFS (patients with stage III disease only), and (2) superiority of bevacizumab plus XELOX versus FOLFOX4 alone in terms of DFS (patients with stage III disease only). The adverse event profile was comparable with the safety profile in metastatic disease and in the NSABP C-08 trial [36] . Pooled safety data of these 2 trials show that hypertension, proteinuria, and wound complications (grade ≥ 3) were significantly increased by the addition of bevacizumab to an oxaliplatin-based chemotherapy in adjuvant setting, whereas neither arterial thrombotic events nor GI perforation or hemorrhage was significantly greater in bevacizumab arms. It should be pointed out that the incidence of venous thrombosis events (grade ≥ 3) was significantly greater with the addition of bevacizumab to chemotherapy (P = .0286) in this pooled analysis, whereas this difference was not statistically significant in the C-08 trial (P = .0635) or in the AVANT study (P = .317).
Cetuximab
Cetuximab is a chimeric human mouse anti-epidermal growth factor receptor (EGFR) MoAb. It has been studied in combination with oxaliplatin-and irinotecan-based therapy in the palliative setting. It has been shown that only patients with wild-type KRAS tumors respond to cetuximab [37] and can experience a prolongation of PFS. For wild-type KRAS tumors, the addition of cetuximab to either FOLFIRI [CRYS-TAL (cetuximab combined with irinotecan in first-line therapy for metastatic colorectal cancer) study] [38] or FOLFOX [OPUS (oxaliplatin and cetuximab in first-line treatment of mCRC) study] [39] showed an improvement in median PFS (9.9 months vs. 8.7 months; P = .02 and 7.7 months vs. 7.2 months; P = .01). However, in the COIN trial, PFS was not prolonged in patients receiving FOLFOX or XELOX plus cetuximab [40] . In this study, KRAS status was prospectively analyzed, which was not the case of the previous studies. In the adjuvant setting, the addition of cetuximab to FOLFOX chemotherapy had no benefit in the US Intergroup N0147 trial (ClinicalTrials.gov: NCT00079274), even in the KRAS population, with a 3-year DFS of 72.3% in the FOLFOX-cetuximab arm versus 75.8% in the FOLFOX arm (HR, 1.2) [41] .
Panitumumab is a fully human anti-EGFR MoAb that has also shown a benefit in survival in patients with wildtype KRAS tumors in third-line therapy [42] . More recently, 2 large trials performed in first-and second-line therapy have shown a prolongation of PFS when panitumumab is added to FOLFOX (first-line) or FOLFIRI (second-line) [43, 44] .
Future

Ongoing trials in the adjuvant setting with bevacizumab
The Eastern Cooperative Oncology Group E5202 trial (ClinicalTrials.gov identifier: NCT00217737; Table 2 ) is studying FOLFOX with or without bevacizumab in selected patients with stage II disease with microsatellite-stable tumors and loss of heterozygosity. Patients with microsatellite instability and normal 18q receive no treatment after surgery. The aim of this study is to determine prospectively the prognostic value of molecular markers in terms of 3-year DFS (primary endpoint). This study is recruiting patients, with an estimated enrollment of 3610 patients. QUASAR2 (EudraCT identifier: 2005-00029-32; Table 2 ) is a study comparing 6 months of chemotherapy using capecitabine against capecitabine plus bevacizumab, with the expectation that adding bevacizumab to capecitabine may have the potential for improved relapse-free and overall survival compared with capecitabine alone in patients with stage II and III colon cancer. Recruitment as of January 2010 was 1780 patients, with a target recruitment of 2240 patients.
Ongoing trials in the adjuvant setting with epidermal growth factor receptor inhibitors
The European PETACC8 trials (ClinicalTrials.gov identifier: NCT00265811) are evaluating FOLFOX chemotherapy for 6 months with or without a weekly administration of cetuximab in patients with stage III colon cancer whose tumor was completely removed by surgery ( Table 2 ). The primary endpoint is DFS. The protocol was amended to focus on wild-type KRAS population. The results of this trial are not yet available. The signal used to launch both US NO147 and European PETACC8 phase III trials was given in a first-line phase II study with an overall response rate of 72% [45] . The addition of cetuximab to FOLFOX chemotherapy in early-stage colon cancer had no benefit in the N0147 trial. The results of the PETACC8 trial are not yet available. The Birmingham Clinical Trials Unit FOxTROT (Fluoropyrimidine, Oxaliplatin, and Targeted Receptor Pre-Operative Therapy; ClinicalTrials.gov identifier: NCT00647530) trial is evaluating a neoadjuvant/ adjuvant strategy with oxaliplatin-based chemotherapy with or without panitumumab in patients with high-risk colon cancer that can be removed by surgery, with an estimated enrollment of 1050 patients. Primary endpoints are recurrence or persistent disease (including failure of macroscopic disease clearance at primary surgery) rates within the first 2 years and pathologic downstaging as measured by depth of extramural spread among patients allocated to preoperative therapy.
Conclusion
The goal of an adjuvant therapy is to increase the cure rate in early-stage cancer by eradicating residual micrometastasis. The benefit of adjuvant therapy in colon cancer has been shown with fluoropyrimidines alone, then in combination with oxaliplatin, after having demonstrated an antitumor activity in first-line advanced disease. Despite proven efficacy in metastatic disease, irinotecan in combination with 5-FU could not show any advantage in terms of survival in the adjuvant setting. How do we improve our standard treatment? By adding targeted therapies such as bevacizumab or cetuximab to standard adjuvant chemotherapy? Preliminary results of the first trials failed to demonstrate improvements in survival, even though these drugs were active in metastatic disease. Then, benefit of adjuvant therapy might not be predicted by antitumor activity in the advanced setting. How could we prevent those failures in the adjuvant setting before recruiting a large number of patients? We should certainly improve understanding of mechanisms of action of drugs 
